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Abstract 


The ongoing coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV-2), has caused a large global outbreak. The reports of domestic animals’ infection with SARS-CoV-2 raise concerns 
about the virus’s longer-lasting spread, the establishment of a new host reservoir, or even the evolution of a new virus, as seen 
with COVID-19. In this review, we focus on the susceptibility of domestic animals, especially companion animals, towards 
SARS-CoV-2 in light of existing studies of natural infection, experimental infection, and serological surveys. 
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Introduction 


Severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV-2) is the cause of coronavirus disease 2019 (COVID- 
19) that started in Wuhan, China, on 31 December 2019. 
The fast spread of the disease led to a pandemic with high 
morbidity and mortality rates. SARS-CoV-2 is a member of 
a massive family of single-stranded enveloped RNA viruses, 
which can produce a broad spectrum of complications from 
the common cold to severe conditions like severe acute res- 
piratory syndrome (SARS-CoV) and middle east respira- 
tory syndrome (MERS-CoV) (Abedi et al. 2020; Amini- 
Farsani et al. 2021; Foroozanfar et al. 2020; Forouzanfar 
et al. 2022). The gaps in knowledge in SARS-CoV-2 trans- 
mission increase the concerns of amplifying or reservoir 
hosts. Reports of domestic animals’ infection with SARS- 
CoV-2 parallelly found similarities between cell surface 
receptor angiotensin-converting enzyme 2 (ACE2). Thus, 
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a delicate and dynamic balance exists between humans, 
animals (domestic, livestock, and wild), and the environ- 
ment. Health in this context not only points to the human 
aspect of healthcare; it also transcends and encompasses 
the health of animals and the environment (Hernandez et al. 
2020). With the emergence of the COVID-19 pandemic, 
the search for the virus’s origin became a trend among the 
scientific community. With evidence showing that the virus 
circulation was first among the bats and then transmitted to 
humans via a secondary host, the search for a secondary 
host was started by the scientific community. Deng et al. 
(2020) tested 1914 samples from 35 animal species to find 
SARS-CoV-2-specific antibodies by a commercial double- 
antigen sandwich ELISA (Indirect enzyme-linked immuno- 
sorbent assay). Among these 35 animal species are domestic 
and companion animals such as pigs, cows, sheep, horses, 
rabbits, dogs, cats, ferrets, and chickens. They found no 
SARS-CoV-2-specific antibodies in any of the samples from 
their animal species. 

Furthermore, among these tested animals, one dog was kept 
by a positive SARS-CoV-2-infected person. Two other dogs had 
close contact with it (Deng et al. 2020). So far, no proven sec- 
ondary hosts responsible for the transmission of SARS-CoV-2 
from bats to humans have been found (Singla et al. 2020). The 
susceptibility of domestic animals to SARS-CoV-2 infection is 
implicated in animal and human health, livestock and food supply, 
and biomedical research. SARS-CoV-2 susceptible domestic and 
companion animals can act as a reservoir or host for the virus and 
thus increase the potential risk of reinfection. Bashor et al. (2021) 
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showed that SARS-CoV-2 variants arise rapidly in domestic and 
wild animals, including cats, dogs, hamsters, and ferrets, following 
infection (Bashor et al. 2021). 

Furthermore, the emerging reports on the human-to- 
animal transmission of SARS-CoV-2, especially in domes- 
tic animals, raised concerns about the risk of reverse 
transmission from domestic animals to humans (Singla 
et al. 2020). These reports call for clarification of domes- 
tic animals’ susceptibility to acquiring and transmitting 
the SARS-CoV-2. Our study aims to review domestic ani- 
mals’ susceptibility to infection with SARS-CoV-2. Also, 
possible underlying mechanisms will be discussed. The 
current and rapidly expanding evidence shows that many 
species, including domestic and companion animals, are 
susceptible to SARS-CoV-2 infection. Herein, we provide 
an overview of domestic animals’ susceptibility to SARS- 
CoV-2 by discussing the epidemiological, experimental, 
and theoretical studies on these animals. Also, we will 
discuss the possible cellular mechanisms behind the find- 
ings of such studies. 


Coronaviruses 


The causative agent for the COVID-19 pandemic is severe 
acute respiratory syndrome-Coronavirus-2 (SARS-CoV-2) 
belonging to the coronaviruses (CoV) from the family of 
Coronaviridae and subfamily of orthocoronavirinae. The 
CoV is generally found in various domestic and wild animal 
species, including cattle, horses, ferrets, bats, dogs, and oth- 
ers (Singla et al. 2020). The most recent coronavirus outbreak 
happened in Wuhan, China, in 2019 by SARS-CoV-2. The 
SARS-CoV, MERS-CoV, bat SARS-like CoV, and SARS- 
CoV-2 belong to the B subgroup of coronaviruses, which can 
cause severe pulmonary injury and respiratory failure distress 
(Xu et al. 2020a). Animal-to-human transmission of viruses 
of 6 genera from coronaviruses has caused two major infec- 
tion outbreaks in humans in the past. Firstly, in Guangdong 
province, China, in 2002-2003, SARS-CoV of beta coro- 
navirus was transmitted from bats to humans via palm civet 
cats as a secondary host (Martina et al. 2003). The second 
outbreak happened in Saudi Arabia, in 2012, by transmission 
of Middle East Respiratory Syndrome coronavirus (MERS- 
CoV) from bats to humans through dromedary camels as 
secondary hosts (Qian et al. 2013). Bat species are a com- 
mon origin for most coronaviruses affecting humans. The 
secondary host for these coronaviruses is usually mammal 
species. The general ecological separation between bats and 
humans implicates the need for mammalians to act as the link 
host between bats and humans (Ahmad et al. 2020). Genetic 
sequencing analysis implicates the bat origin for SARS- 
CoV-2. It is 80% similar to SARS-CoV and 96% to the bat 
coronavirus BatCoV RaTG13 (Singla et al. 2020, Xu et al. 
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2020a; Zhou et al. 2020b). There is no proven secondary host 
for SARS-CoV-2 so far; however, some speculations have 
been made, including snakes, minks, and pangolins (Hernan- 
dez et al. 2020). For the latter, genetic sequence testing has 
shown 99% similarity for the infectious coronavirus strains 
with the ones responsible for human infection (Zhang and 
Holmes 2020). Currently, the primary transmission route of 
SARS-CoV-2 is human-to-human through respiratory drop- 
lets from coughing, sneezing, and talking that can remain in 
the air for some time as aerosols. However, the evolution of 
the SARS-CoV-2 virus in both reservoir and secondary hosts 
became an essential aspect of the COVID-19 pandemic. It 
made the SARS-CoV-2 capable of transmitting from animals 
to humans. Thus, investigating and identifying the animals 
with potential in this manner are needed to evaluate the future 
danger of SARS-CoV-2 or other coronaviruses. 


SARS-CoV-2 and heat shock proteins 
and ACE 


Proteins that facilitate the folding of other proteins are 
called chaperones. These proteins are small Heat shock 
proteins (HSPs) that act as molecular protectors (molecu- 
lar chaperones) (Aminian et al. 2022). For example, pep- 
tide sharing has been found between antigenic epitopes of 
SARS-CoV-2 and Hsp 60 and 90, both of which are asso- 
ciated with autoimmune diseases, including those of the 
bullous type (Kasperkiewicz 2021). 

One characteristic namesake in CoVs is the pres- 
ence of solar-corona-like appearance with spike surface 
proteins seen in SARS-CoV-2. Spike proteins’ role in 
all CoVs is recognizing and entering host cells. Simi- 
larities have been found between spike (S)-proteins of 
SARS-CoV-2 with the original SARS-CoV. Xu et al. 
showed that the RBD (receptor-binding domain) of 
SARS-CoV-2 is almost identical to the SARS-CoV 
in terms of 3-D structure (Xu et al. 2020b). Also, the 
amino acid sequence of SARS-CoV-2 and SARS-CoV 
is 76.5% identical and has a high homology degree (Li 
et al. 2005; Xu et al. 2020b). Furthermore, a solid bind- 
ing affinity exists between SARS-CoV spike protein and 
human ACE2 (Li el al. 2005). Therefore, it was suggested 
that SARS-CoV-2 RBD has a strong binding affinity to 
human ACE2. 

ACE2 is an essential protein and receptor for host cell 
entry and viral replication in the pathogenesis of SARS- 
CoV (Kuba et al. 2005; Li et al. 2003; Yang et al. 2007). 
It has been shown that ACE2 overexpression worsens the 
SARS-CoV pathogenesis in mice lungs (Kuba et al. 2005). 
Similarly, SARS-CoV-2 uses the ACE2 receptor for cel- 
lular entry. It was demonstrated that ACE2 overexpression 
from different species in HeLa cells with human ACE2, 
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pig ACE2, and civet ACE2 (but not mouse ACE2) allowed 
SARS-CoV-2 infection and replication (Zhou et al. 2020c). 
ACE2, a carboxypeptidase, negatively regulates the renin- 
angiotensin system by modulating the angiotensin-con- 
verting enzyme (ACE). ACE2 acts as a functional recep- 
tor for SARS-CoV-2 to enter the host cell, spread, and 
exhibit clinical symptoms. The two functional subunits of 
CoVs S-proteins are $1 and S2. The S1 unit, which con- 
tains RBD, binds with high affinity to the region located in 
the peptidase domain of human ACE2 receptors, and the 
transmembrane unit $2, which is then cleaved by human 
transmembrane serine proteases TMPRSS1 and TMPTSS2 
(Hoffmann et al. 2020, Lu et al. 2020a, Mercurio et al. 2021, 
Zhou et al. 2020c). The $2 subunit of trimeric spike glyco- 
protein performs the membrane fusion and releases after S1 
binding to the ACE2. It goes under transition to the post- 
fusion conformation (Lu et al. 2020a, Mercurio et al. 2021; 
Simmons et al. 2013; Zhou et al. 2020c). In addition to the 
ACE2 receptor, TMPRSS2 activates the S-protein resulting 
in the membrane fusion in SARS-CoV and SARS-CoV-2 
infection (Hoffmann et al. 2020). Scientific evidence sug- 
gests that many mammals are susceptible to SARS-CoV-2 
infection (Bosco-Lauth et al. 2021; Damas et al. 2020). Var- 
iability between the ACE2 gene among vertebrate species 
results in different chemical properties of ACE2 protein and 
thus variable binding efficiencies between RBD and ACE2 
in different species. So, ACE2 is a significant determinant 
of susceptibility to SARS-CoV-2 infection in species (Alex- 
ander et al. 2020; Yan et al. 2021). ACE2 and TMPRSSs 
co-expression are essential for SARS-CoV-2 infection, but 
mice, rabbits, rats, and guinea pigs do not have sensitive 
ACE2 receptors to SARS-CoV-2 binding (Yu 2020). Lab- 
oratory mice do not show SARS-CoV-2 replication after 
intranasal inoculation unless they express human ACE2 by 
genetic modification (Bao et al. 2020). 

Infectivity of a virus in cultured cells in vitro represents the 
ability of the virus to infect tissues composed of those cells; 
however, this ability is not always equal to efficient replica- 
tion or transmission of the virus to other individuals. The 
in vitro studies investigating the susceptibility of animal spe- 
cies towards SARS-CoV-2 infection only represent the ability 
of SARS-CoV-2 to enter cells with the ACE2 protein of that 
particular species. Therefore, in vitro susceptibility to SARS- 
CoV-2 infection is not representative of viral replication and 
transmission to other animals or humans. Several studies have 
reported that from 59 different mammal species, modified HeLa 
or BHK-21 cells have been produced to express their ACE2 
protein, of which 50 of them, SARS-CoV-2, could infect these 
cells (Hoffmann et al. 2020; Liu et al. 2021; Priestley et al. 
2019; Zhao et al. 2020). It was also demonstrated that SARS- 
CoV-2 replication could not be sustained in pigs’ respiratory 
ex vivo organ cultures. However, efficient viral replication was 
found in the respiratory tissues of cattle and sheep (Di Teodoro 
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et al. 2021). An example of the discrepancy between in vitro 
and in vivo studies was shown as cells with ACE2 of domestic 
pigs and a kidney pig cell line, SARS-CoV-2, showed infectiv- 
ity. In contrast, the experimental exposure of pigs did not result 
in clinical infection (Chu et al. 2020; Shi et al. 2020). 

Many studies investigate the phylogenetic proximity of the 
ACE2 structure of animal species to human ACE2 and predict 
the species’ susceptibility towards SARS-CoV-2 infection based 
on whether the RBD of SARS-CoV-2 would bind to that spe- 
cies’ ACE2 protein if its sequence is available. Based on the 
dataset of the ACE2 sequence, a variety of animals is susceptible 
to SARS-CoV-2 infection (Damas et al. 2020). Furthermore, 
studies have reported that almost all catarrhine primates (apes 
and Old-World monkeys) are susceptible to SARS-CoV-2 infec- 
tion due to having identical residues at the corresponding sites 
for interaction with the RBD of SARS-CoV-2 (Damas et al. 
2020; Frank et al. 2020; Melin et al. 2020). On the other hand, 
the New World monkeys have been reported to have critical 
differences in ACE2 in structural analysis, leading to resistance 
to SARS-CoV-2 infection (Damas et al. 2020; Frank et al. 2020; 
Melin et al. 2020). The latter was disproved as one species from 
the New World monkeys showed SARS-CoV-2 replication fol- 
lowing experimental exposure to the virus (Lu et al. 2020b). 
However, these studies should be interpreted with caution as the 
solely ACE2 sequence analyses has a limited value as a predic- 
tor of a species’ susceptibility towards SARS-CoV-2 infection. 


SARS-CoV-2 infection and manifestations 
in animals 


The transmission routes of SARS-CoV-2 between animals 
can be through direct contact by means such as respiratory 
droplets and secretions. Also, aerosols are suggested to be a 
transmission route for SARS-CoV-2. The incubation period 
of SARS-CoV-2 in animals is between 2 and 14 days, simi- 
lar to humans. Infection with SARS-CoV-2 in animals can 
be both asymptomatic and with symptoms and even death. 
Symptoms usually are respiratory (coughing, sneezing, res- 
piratory distress, nasal discharge), general (fever, inappe- 
tence, lethargy), and gastroenteric (vomiting or diarrhea) 
(Meekins et al. 2021). The first cat reported with SARS- 
CoV-2 infection showed vomiting, lethargy, poor appetite to 
anorexia, diarrhea, sneezing, coughing, and labored breath- 
ing (Garigliany et al. 2020). 


Studies of domestic and wild animals’ 
susceptibility to SARS-CoV-2 infection 


Several studies have reported experimental exposure to 
SARS-CoV-2 in domestic animals (Table 1). Various 
CoVs, including ARS-CoV-like CoVs (betacoronaviruses) 
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and feline coronaviruses (alphacoronaviruses), can infect 
domestic and wild felids. Domestic felids and domestic 
canids are popular companion animals throughout the 
world. One of the first reported SARS-CoV-2 infections 
among companion animals was published on 31 March 
2020 by the Agriculture, Fisheries, and Conservation 
Department of Hong Kong in a cat with an infected owner 
(Lu et al. 2020b). Furthermore, reports have shown that 
more than 25% of COVID-19 patients in the USA, Texas, 
had one infected cat or dog in their households (Hamer 
et al. 2021). 

Shi et al. conducted a study to examine the suscepti- 
bility of ferrets, cats, dogs, pigs, chickens, and ducks to 
SARS-CoV-2; pairs of ferrets were inoculated intranasally 
SARS-CoV-2 and euthanized on day 4 post-inoculation (Shi 
et al. 2020). They detected viral RNA and infectious viruses 
in all ferrets’ nasal turbinate, soft palate, and tonsils and not 
in any other organs tested. The authors designed another 
experiment to investigate the replication dynamics of SARS- 
CoV-2 in ferrets. Therefore, intranasal inoculation of ferrets 
with SARS-CoV-2 was performed. Viral RNA was detected 
in the nasal washes on days 2, 4, 6, and 8 post-infections in 
all ferrets inoculated with SARS-CoV-2. In addition, viral 
RNA in some of the rectal swabs of the virus-inoculated 
ferrets was observed (lower than those in the nasal washes). 
Besides, an infectious virus was detected in the ferrets’ nasal 
washes. 

Moreover, one ferret showed fever and loss of appetite 
on days 10 and 12 post-infection. After euthanization, viral 
RNA was detected for a low copy number in the turbinate, 
with severe lymphoplasmacytic perivasculitis and vasculitis; 
increased numbers of type II pneumocytes, macrophages, 
and neutrophils the alveolar septa and alveolar lumen; and 
mild peri bronchitis in the lungs. Antibodies against SARS- 
CoV-2 were detected in all ferrets. The authors in other 
experiments inoculated ferrets intratracheally with SARS- 
CoV-2 and euthanized them on different days. The results 
showed that SARS-CoV-2 could replicate in the upper res- 
piratory tract of ferrets for up to 8 days without causing 
severe disease or death. 

To examine SARS-CoV-2 transmission in cats, subadult 
domestic cats and juvenile cats were intranasally inoculated 
with SARS-CoV-2. The results revealed that SARS-CoV-2 
can replicate efficiently in cats and that younger cats are 
more vulnerable than older ones. In addition, the results 
showed that the virus is transmissible between cats via the 
airborne route. Similarly, to examine SARS-CoV-2 transmis- 
sion in dogs, 3-month-old beagles were intranasally inocu- 
lated with SARS-CoV-2; viral RNA detection and virus 
titration indicate that dogs have low susceptibility to SARS- 
CoV-2. Viral RNA was not detected in SARS-CoV-2 -inocu- 
lated pigs, chickens, and ducks in any swabs collected from 
these virus-inoculated animals or naive contact animals. In 
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addition, these animals were seronegative for SARS-CoV-2 
when tested by ELISA with sera collected on day 14 post- 
infection (Shi et al. 2020). 

Schlottau et al. (2020) challenged nine fruit bats, fer- 
rets, pigs, and 17 chickens with intranasal inoculation of 
10° TCID50 (Median Tissue Culture Infectious Dose) of 
SARS-CoV-2. Three contact animals were added 1 day 
after inoculation for every group to study animal-to-animal 
transmission. Anthropozoonotic transmission was negligible 
in pigs and chickens as SARS-CoV-2 RNA, and antibodies 
were not found in their swabs, organ samples, or related 
contact animals. On the other hand, the risk of anthropozo- 
onotic transmission was substantial in fruit bats and ferrets. 
Fruit bats had no clinical signs representing SARS-CoV-2 
infection; however, seven (78%) had SARS-CoV-2 RNA in 
nasal cavity swab samples detected by RT-qPCR, immuno- 
histochemistry, and in situ hybridization. All nine fruit bats 
and one of three contact animals had oral viral shedding. All 
inoculated fruit bats and one contact animal had antibod- 
ies against SARS-CoV-2 detected by IIFA (indirect immu- 
nofluorescence assay) and VNT (virus neutralization test). 
Eight inoculated ferrets had SARS-CoV-2 RNA and antibod- 
ies shown as a detectable viral genome in nasal washes by 
RT-qPCR and SARS-CoV-2-reactive antibodies detected by 
IIFA and VNT. All three contact ferrets had SARS-CoV-2 
RNA. However, only one contact ferret showed antibodies 
against SARS-CoV-2. Interestingly, ferrets had higher anti- 
bodies against SARS-CoV-2 than fruit bats, which shows a 
higher virus replication in ferrets than in fruit bats. The high 
virus replication in the upper respiratory tracts of fruit bats 
and ferrets and transmission of SARS-CoV-2 to their related 
contact animals suggest a reservoir host role for ferrets and 
fruit bats (Schlottau et al. 2020). 


Susceptibility of felids and canids 
to infection with SARS-CoV-2 


The most popular companion animals worldwide are cats 
(felids) and dogs (canids). in a cross-sectional study by Tem- 
mam et al. (2020), 21 domestic pets (9 cats and 12 dogs) 
were tested for antibodies against SARS-CoV-2. These 
pets were living in close contact with 20 French veterinary 
students. Two of these students had RT-PCR positive tests 
for COVID-19. In contrast, 11 of 18 students had COVID- 
19-compatible clinical signs, including cough, fever, head- 
ache, dyspnea, and dizziness. The antibody response in pets 
was evaluated 1 month after the exposure to the index case. 
No specific antibodies against SARS-CoV-2 were detected 
in the animals. Also, 1 week after the blood test, late nasal 
and rectal swabs were taken from the animals to detect the 
presence of SARS-CoV-2, which all were negative (Tem- 
mam et al. 2020). Patterson et al. (2020) performed an 
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Ref 


animal-to-human Seroconversion 


mal transmission transmission 


Animal-to-ani- 


Viral shedding (oral, 
nasal, rectal) 


Histopathological manifestations 


Clinical manifestation 


Susceptibility to 


infection 


[experimental/ 


Infection’s type 
natural] 


Table 1 (continued) 


Species 
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No 


No 


N/A 


Yes, respiratory upper tract 


Natural 


inflammation with swollen 


tonsils 


(Schlottau et al. 


Yes N/A 


Yes, nasal 


Yes, lungs: epithelial degeneration and 


Yes, rhinitis 


Experimental 


2020) 


necrosis; intraluminal cellular debris, 


mild inflammation; inflammatory 
infiltration; increased alveolar mac- 


rophages 
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epidemiological study of SARS-CoV-2 infection in 919 
companion animals (603 dogs, 316 cats) in Italy from March 
to May 2020. Swab samples obtained from nasal, oropharyn- 
geal, and rectal, available for 494 animals, were negative for 
SARS-CoV-2 RNA tested by RT-PCR. Fifteen dogs and 11 
cats were seropositive for antibodies against SARS-CoV-2. 
However, they did not have any respiratory signs at sam- 
pling. Therefore, a subgroup analysis was performed based 
on the household of these seropositive animals (COVID-19 
positive, suspected COVID-19 positive, and COVID-19 neg- 
ative). Six of 47 seropositive dogs and one of 22 seropositive 
cats came from COVID-19-positive households. 

In comparison, from the suspected COVID-19-positive 
households, one of seven dogs and none of the three cats 
were seropositive. Only two dogs and one cat were sero- 
positive from 133 dogs and 38 cats ina COVID-19-negative 
household. The probability of seropositivity in dogs from 
COVID-19-positive households was significantly higher 
than in dogs from COVID-19-negative households. Also, 
seropositivity in dogs and cats from regions with a high 
human disease burden was statistically significant (Patter- 
son et al. 2020). 

Sailleau et al. (2020) studied SARS-CoV-2 infection in 11 
dogs and 22 cats living in households with confirmed or sus- 
pected COVID-19-infected individuals in April 2020 in France. 
All dogs tested negative for SARS-CoV-2 RNA and antibodies 
in rectal and nasopharyngeal swabs tested by RT-qPCR assays 
targeting two genes of SARS-CoV-2. Also, serum samples from 
dogs were tested negative for reactive antibodies against SARS- 
CoV-2 by MIA and ELISA. One cat, a 9-year-old female of a 
European breed, had developed anorexia, vomiting, and cough 
17 days after the COVID-19 disease in her owner. The rectal 
and oropharyngeal swabs and serum samples were taken 8 days 
after the initiation of symptoms in the cat and were tested for 
SARS-CoV-2 RNA and antibodies. The cat had positive SARS- 
CoV-2 RNA in RT-qPCR assay from rectal swabs, whereas 
nasopharyngeal swabs were negative. Serological analysis of 
serum samples taken 10 days apart showed antibodies against 
the SARS-CoV-2. Genome sequence analysis of SARS-CoV-2 
from the infected cat showed that it belongs to the phyloge- 
netic clade A2a like most French human SARS-CoV-2. The 
infected cat showed rapid virus clearance from the intestinal 
tract as rectal and nasopharyngeal swabs, taken 18 days after 
the symptoms’ initiation, were negative for SARS-CoV-2 RNA 
by RT-qPCR (Sailleau et al. 2020). 

Chen et al. (2020) showed that in 10 cats and nine 
dogs living in close contact with COVID-19-infected 
individuals in Wuhan, China, an ELISA test detected 
SARS-CoV-2 S1-specific IgG in two cats and one dog. 
All animals were healthy and symptom-free at the time 
of sampling. The plaque reduction neutralization test 
(PRNT) for SARS-CoV-2 of plasma samples from these 
three animals showed neutralizing titers of 1:240, 1:240, 
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and 1:120, respectively. Samples from other animals that 
did not have SARS-CoV-2 S1-specific IgG showed traces 
of the previous infection of SARS-CoV-2 as neutralizing 
titers of less than 1:20 were found. In addition, all ani- 
mals’ oral and rectal swab samples tested negative for 
SARS-CoV-2 RNA for both N and RdRp genes assessed 
by rRT-PCR (Chen et al. 2020b). 

Bosco-Lauth et al. (2020) reported that cats are highly 
susceptible to infection, with a prolonged period of oral and 
nasal viral shedding (for up to 5 days) that is not accom- 
panied by clinical signs. Also, cats were capable of direct 
contact transmission to other cats. These studies confirm that 
cats are susceptible to productive SARS-CoV-2 infection but 
are unlikely to develop clinical disease. Furthermore, cats 
reinfected with SARS-CoV-2 mounted an effective immune 
response and did not become reinfected. On the other hand, 
this study showed that dogs do not shed the virus following 
infection but do seroconvert and mount an antiviral-neutral- 
izing antibody response (Bosco-Lauth et al. 2020). Zhang 
et al. (2020a, b) investigated the infection of SARS-CoV-2 
in cats by detecting specific serum antibodies. A cohort of 
serum samples was collected from cats in Wuhan, including 
102 samples after the COVID-19 outbreak and 39 before the 
outbreak. ELISA showed that out of the 102, 15 (14.7%) 
cat sera collected after the outbreak were positive for RBD. 
Titers of neutralizing antibodies against SARS-CoV-2 were 
found among 11 samples ranging from 1/20 to 1/1080. These 
samples did not have cross-reactivity with type I or II feline 
infectious peritonitis virus (FIPV) (Chen et al. 2020b). 

Newman et al. (2020) reported a cat with symptoms 
including sneezing, clear ocular discharge, and mild leth- 
argy; | week later, a broad-spectrum cephalosporin class 
antibiotic (cefovecin; 52 mg) was administered subcutane- 
ously, and the cat was returned home, where it fully recov- 
ered, 2 days later drug administration. Another cat had 
sneezing, coughing, watery nasal and ocular discharge, loss 
of appetite, and lethargy. One week later, the cat fully recov- 
ered without treatment. Although, a few days later, SARS- 
CoV-2 RT-PCR results from their specimens for both of 
mentioned cats were positive (Newman et al. 2020). 

A study reported that several antemortem and postmor- 
tem tests from a companion cat of COVID-19 patients with 
severe respiratory clinical signs showed no infection with 
SARS-CoV-2. The cause for clinical manifestations of this 
cat was found to be related to feline hypertrophic cardio- 
myopathy. Besides, SARS-CoV-2 RNA was detected in the 
nasal swab, nasal turbinates, and mesenteric lymph nodes. 
However, no evidence of histopathological lesions compat- 
ible with a viral infection was detected. The cat serocon- 
verted against SARS-CoV-2, further evidencing a produc- 
tive infection in this animal that was probably linked to the 
exposure of the cats to COVID-19-affected owners (Segalés 
et al. 2020). 
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At the beginning of new respiratory viral infections, the 
number of transmitted virus variants from an infected host 
to others is influenced due to transmission bottlenecks. So, 
the narrow transmission bottlenecks are expected to reduce 
the pace of viral disease evolution (Bergstrom et al. 1999). 
The reported transmission bottleneck size for the SARS- 
CoV-2 virus range from low amounts of 1-8 virions to large 
amounts of 100-1000 virions (Graudenzi et al. 2021; Lyth- 
goe et al. 2020; Popa et al. 2020; Wang et al. 2021). Braun 
et al. (2021) studied a domestic cat transmission model. 
They showed that genetic variations of SARS-CoV-2 in the 
host are only affected by genetic drift and purifying selec- 
tion. Furthermore, Braun et al. (2021) found a narrow trans- 
mission bottleneck of 2—5 viruses for SARS-CoV-2 between 
hosts (Braun et al. 2021). 

Klaus et al. (2021) reported infection with SARS-CoV-2 
in a household cat in Switzerland. The infected cat showed 
signs of respiratory infection, including sneezing, inappe- 
tence, and apathy. Nasal swab samples were tested for the 
presence of SARS-CoV-2 viral RNA and revealed to be RT- 
qPCR positive. The samples from fecal swabs were negative 
for SARS-CoV-2 viral RNA. The cat’s infection was further 
confirmed by finding SARS-CoV-2 S1 RBD antibodies. In 
viral genome sequence studies, a close relation to a human 
sequence from the B.1.1.39 lineage was found in the SARS- 
CoV-2 viruses of an infected cat. Furthermore, analysis of 
cats’ fur and bed showed the presence of SARS-CoV-2 RNA 
(Klaus et al. 2021). 

Neira et al. (2021) reported natural infection in three 
domestic cats living in the household of two humans 
infected with SARS-CoV-2. Two days after the positive 
test for SARS-CoV-2 infection in their owners, the male 
cat showed related respiratory signs and positive RT-PCR 
and ELISA tests for SARS-CoV-2 RNA. Four days after the 
positive test of the male cat for SARS-CoV-2, the other two 
cats tested positive too but were asymptomatic. Antibodies 
against SARS-CoV-2 were found in one cat. SARS-CoV-2 
RNA detectability was shorter in cats (5—17 days) compared 
with their infected owners. Also, the origin of the SARS- 
CoV-2 genome sequence in cats was identical to their own- 
ers, showing human-to-cat transmission (Neira et al. 2021). 

Halfmann et al. (2020) inoculated three cats with SARS- 
CoV-2. They then co-hosted three other cats in pairs (pairs 
1, 2, 3) with inoculated cats 1 day later. Daily sampling was 
performed with nasal and rectal swabs for inoculated and 
co-hosting cats. All specimens were analyzed with VeroE6/ 
TMPRSS2 cells for SARS-CoV-2 infection. In pair 1, the 
inoculated cats were SARS-CoV-2 positive in nasal and rec- 
tal swabs specimens from day | post-inoculation to day 6. 
The cohosted cat of pair 1 was virus positive in nasal swabs 
specimen from day 3 to day 7 post-inoculation. In pair 2, 
inoculated cats tested positive for the virus from nasal and 
rectal samples from day 2 to day 5. 
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In contrast, the co-hosted cat was virus-positive from 
day 6 to day 9 post-inoculation. For the cats in pair 3, the 
inoculated cat was virus positive in nasal and rectal swabs 
specimens from day | to day 6. The co-hosted cat was virus- 
positive from day 5 to day 9 only in nasal specimens. All co- 
hosted cats shed the virus for 4 to 5 days after being tested 
positive for SARS-CoV-2. Neither inoculated nor co-hosted 
cats showed any symptoms of SARS-CoV-2 infection. Posi- 
tive titers of IgG were detected on day 24 post-inoculation 
in all inoculated and cohosted cats (Halfmann et al. 2020). 

Michelitsch et al. (2020) tested 920 serum samples of 
domestic cats for antibodies against SARS-CoV-2 by an 
indirect multi-species ELISA assay based on the RBD of 
SARS-CoV-2. Veterinarians acquired samples during the 
clinical examination from April to September 2020 in Ger- 
many. No information was available on the health status 
of domestic cats and their owners in this study. Six of 920 
(0.69%) tested positive for antibodies against SARS-CoV-2 
in ELISA. These six samples were collected during June 
and July when human infection with SARS-CoV-2 was low 
in Germany. In confirmation, these six samples tested posi- 
tive in indirect immunofluorescence assay (IIFA) against 
SARS-CoV-2. In addition to six positive tested samples 
for SARS-CoV-2 antibodies, another five samples were in 
borderline threshold in ELIZA, and two tested positive for 
SARS-CoV-2 in IIFA assay. Neutralizing antibodies against 
SARS-CoV-2 by virus neutralization test (VNT) was per- 
formed in all samples. Two of six positive samples in ELISA 
and IFA showed neutralizing antibodies in the VNT test. 
None of the five borderline samples in ELISA had a positive 
test for SARS-CoV-2 in VNT. All samples were tested for 
neutralizing antibodies against feline coronavirus (FCoV), 
an endemic disease among domestic cats in Germany, by 
VNT to check serological cross-reactivity between FCoV 
and SARS-CoV-2. None of the samples tested positive for 
FCoV in VNT (Michelitsch et al. 2020). Barrs et al. (2020) 
tested pet cats living in households with confirmed COVID- 
19 symptoms in their owners or close contacts during Feb- 
ruary—August 2020. Nasal, oral, and rectal swab specimens 
from 50 cats were tested for SARS-CoV-2 RNA by RT-PCR 
targeting the partial envelope and RNA-dependent RNA pol- 
ymerase genes. Six cats (12%) tested positive for viral RNA 
in RT-PCR. Between the onset of COVID-19 symptoms in 
21 owners of 35 cats and the first sampling of pets, cats 
ranged from three to 15 (median eight, interquartile range 
4) days. All six cats with positive viral RNA had subclinical 
infection with SARS-CoV-2. The infection timeline in one 
of the infected cats and the identical SARS-CoV-2 genome 
sequence of that cat with one of the individuals in the living 
households was consistent with human-to-animal transmis- 
sion rather than feline-to-human (Barrs et al. 2020). 

Villanueva-Saz et al. (2021) studied the role of concomi- 
tant infections with important immunosuppressive pathogens, 
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including Toxoplasma gondii (T. gondii), Leishmania infan- 
tum (L. infantum), feline leukemia virus (FeLV), and feline 
immunodeficiency virus (FIV) in predisposing stray cats 
towards SARS-CoV-2 infection during January to October 
2020 in Spain. Of 114 tested stray cats, 4 (3.51%) tested posi- 
tive for IgG antibodies against SARS-CoV-2 by ELISA-RBD 
for spike antigen, 14 (12.28%) tested positive for T: gondii, 19 
(16.67%) for L. infantum, 5 (4.39%) for FeLV, and 22 (19.30%) 
for FIV. Among four cats that tested positive for SARS-CoV-2 
antibodies, one cat tested positive for T: gondii and FIV, one 
cat with T: gondii, and one cat tested positive for FIV and L. 
infantum. Seropositive cats for SARS-CoV-2 were sampled in 
January and February 2020, when the outbreak was not evident 
in Spain. Villanueva-Saz et al. (2021) study highlighted that 
immunosuppressed animals are susceptible to SARS-CoV-2 
infection. 

In a cohort study by Zhang et al. (2020a, b), 102 cats 
were sampled in Wuhan, China, during the outbreak between 
January and March 2020. Of 102 cats, 46 were abandoned 
and kept in an animal shelter, 41 came from pet hospitals, 
and 15 were from households with COVID-19-positive 
patients. SARS-CoV-2 RNA was not detected in naso- 
pharyngeal and anal swabs assessed by qRT-PCR. Investi- 
gating the serological prevalence of SARS-CoV-2 showed 
that 15 (14.7%) samples were positive for reactive antibodies 
against SARS-CoV-2 detected by indirect ELISA based on 
recombinant RBD protein. Among the 15 ELISA-positive 
sera, 11 (10.8%) had SARS-CoV-2 neutralizing antibodies 
detected by VNT. No cross-reactivity was found between 
SARS-CoV-2 RBD protein and type I and I FIPV hyperim- 
mune sera. Among these 11 cats with positive VNT tests, 
four were abandoned cats, 4 were from pet hospitals, and 
three lived with COVID-19 patients. The close contact of 
cats with COVID-19 patients might have affected neutral- 
izing antibodies. Those three cats that came from households 
of COVID-19 patients had the highest neutralizing titers in 
the VNT test (1/1080, 1/360, and 1/360, respectively). 

Furthermore, SARS-CoV-2 specific IgG was found in 
the sera of these three cats assessed by Western blot. The 
dynamics of antibodies against RBD of SARS-CoV-2 in 2 
cats showed that antibody titers peaked 10 days after sam- 
pling and disappeared after 110 days. Reactive antibodies 
against SARS-CoV-2 showed a similar pattern to RBD anti- 
bodies (Zhang et al. 2020b). Zoo animals, especially felids, 
are burdened with the risk of exposure to SARS-CoV-2 from 
their caretakers. The first infection of a non-domestic animal 
in the USA was reported by the United States Department 
of Agriculture (USDA) in a Malayan tiger (Panthera tigris) 
on 27 March 2020. A week later, another Malayan tiger and 
several other animals, including two Amur tigers (Panthera 
tigris altaica) and three African lions (Panthera leo krugeri), 
developed similar clinical symptoms (McAloose et al. 2020, 
Villanueva-Saz et al. 2021). All animals shed viral RNA in 
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feces samples (Bartlett et al. 2021). Overall, nine different 
genomes of SARS-CoV-2 were identified (McAloose et al. 
2020). Sit et al. (2020) reported that two infected dogs with 
SARS-CoV-2 came from households whose owners were 
diagnosed with COVID-19 (Sit et al. 2020). Dog #1 was 
a 17-year-old neutered Pomeranian living in a house with 
three confirmed COVID-19 cases. Two weeks after con- 
firming the dog’s owner’s infection with COVID-19, nasal, 
oral, and rectal swabs and fecal samples were collected six 
times over several days. Also, 3 weeks after confirmation 
of infection in the dog’s owner, a blood sample was taken 
from dog #1. In RT-PCR, nasal swabs tested positive for 
SARS-CoV-2 RNA, while rectal and fecal samples were 
negative for SARS-CoV-2 RNA. The low viral load (range 
7.5 xX 102 to 2.6 x 104 RNA copies per mL of the specimen) 
made attempts to culture the SARS-CoV-2 unsuccessful. 
Dog #1 had no clinical signs compatible with SARS-CoV-2 
infection throughout the quarantine. Blood samples were 
tested for SARS-CoV-2 antibodies by 90% plaque reduc- 
tion neutralization tests (PRNT90) with a titer of 1:80. The 
genetic sequence of SARS-CoV-2 RNA extracted from nasal 
specimens was 93-94%, similar to the virus RNA genetical 
sequence extracted from three infected humans in the dog’s 
household. 

Dog #2 was a 2.5-year-old male German Shepherd living 
in a household with its owner, who developed COVID-19 
symptoms. Eight days after the beginning of the COVID-19 
infection in the dog’s owner, oral, nasal, and rectal swabs 
were taken from dog #2. Oral, nasal, and rectal specimens all 
were positive for SARS-CoV-2 RNA in RT-PCR. The viral 
load in the rectal specimens was lower than that of nasal 
and oral swabs. Another dog in the same household with 
dog #2 was tested for SARS-CoV-2 RNA and was negative. 
Investigation for SARS-CoV-2 antibodies in blood samples 
from dog #2 with PRNT90 assay was < 1:10 (9 days after 
the development of COVID-19 infection symptoms in the 
dog’s owner), 1:40 (4 days after first serum specimens), and 
1:160 (11 days after first serum specimens). The dog which 
lived with dog #2 in the same household tested negative for 
SARS-CoV-2 antibodies. The genome sequence of SARS- 
CoV-2 RNA extracted from nasal swabs of dog #2 was iden- 
tical to the SARS-CoV-2 RNA genome sequence extracted 
from the dog’s owner. The SARS-CoV-2 RNA genome 
sequence of dogs #1 and #2 differed (Sit et al. 2020). 

During the spring months of 2020 (April—June), Perisé- 
Barrios et al. (2021) studied 40 dogs with clinically diag- 
nosed pneumonia for SARS-CoV-2 infection using naso- 
pharyngeal and rectal swabs as well as serum samples. 
Additionally, 20 healthy dogs who lived in a household 
with SARS-CoV-2-confirmed infected individuals and had 
no symptoms were also studied using nasopharyngeal swabs 
and serum samples. Forty dogs with pneumonia had clinical 
findings, including pulmonary opacity, alveolar or interstitial 
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patterns, and focal alveolar infiltrations. Nasopharyngeal and 
rectal specimens from 40 pneumonia dogs tested negative 
for SARS-CoV-2 RNA in qPCR and RT-qPCR. Twenty 
healthy dogs with close contact with COVID-19-infected 
individuals were also negative in nasopharyngeal studies 
for SARS-CoV-2 RNA in qPCR and RT-qPCR. Determin- 
ing IgG against SARS-CoV-2 in serum samples by SARS- 
CoV-2 Spike S1 protein ELISA Kits showed that 1 of 40 
pneumonia dogs and 5 of 20 healthy dogs had a-SARS- 
CoV-2 IgG antibodies (Perisé-Barrios et al. 2021). The 
reported reduced dog’s smell (i.e., hyposmia, anosmia) 
following SARS-CoV-2 infection poses a danger to ser- 
vice dogs such as beagles. Hyposmia or anosmia in these 
animals creates a potential security risk. In addition, these 
are in service worldwide in assisting patrols, tracking, and 
scent detection (McNamara et al. 2020; Miller et al. 2018; 
Rooney et al. 2016). Experimental exposure studies have 
shown that dogs have low susceptibility to SARS-CoV-2 
(Shi et al. 2020). Also, the target organs for the congrega- 
tion in dogs are different from humans (kidney and heart 
in dogs vs. lungs in humans) (Zhai et al. 2020), which is 
supported by very low ACE-2 and TMPRSS2 receptors in 
dogs’ lungs (Chen et al. 2020a). Moreover, molecular evolu- 
tionary analysis of ACE-2 receptors showed that dogs lacked 
the critical amino acids for susceptibility to SARS-CoV-2 
binding (Mathavarajah and Dellaire 2020). Taken together, 
canids are not a candidate reservoir for SARS-CoV-2, and 
they are likely secondary hosts or dead-end hosts with lim- 
ited potential for viral shedding or transmission. 


Susceptibility of mustelids to infection 
with SARS-CoV-2 


Minks are susceptible to natural infections and can spread 
SARS-CoV-2 to other minks, animal species, and even 
humans (Munnink et al. 2021; Oreshkova et al. 2020). 
Two wholly separated mink farms faced SARS-CoV-2 
outbreaks in mid-April 2020 in the Province of North Bra- 
bant, Netherlands (Oreshkova et al. 2020). The great cause 
of mink’s death was due to interstitial pneumonia. Other 
observed clinical symptoms were sepsis, Aleutian disease, 
lung edema with congestion, and dystocia (Oreshkova 
et al. 2020). Samples from conchae, lung, throat, and rec- 
tal were SARS-CoV-2 RNA positive. Sixty-eight percent 
of residents and workers of mink farms were infected with 
SARS-CoV-2. The presence of SARS-CoV-2 RNA in the 
inhalable dust from the farmhouse was suggested as a poten- 
tial SARS-CoV-2 exposure source. Also, one of the farm- 
workers had a SARS-CoV-2 infection before the outbreaks. 
Analyzing the whole virus genome sequence confirmed 
the human-to-animal transmission of SARS-CoV-2 (Mun- 
nink et al. 2021). Also, a phylogenetic comparison between 
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human and mink-derived SARS-CoV-2 sequences showed 
a unique animal sequence signature. It confirmed animal-to- 
human transmission of SARS-CoV-2 by minks (Munnink 
et al. 2021). In addition, an observational study reported 
that infected minks transmitted SARS-CoV-2 to 8 out of 24 
stray cats surrounding two farms, 7 of which were confirmed 
by a particular microneutralization assay and one by PCR 
(Enserink 2020). 

Furthermore, infected minks showed mild to severe res- 
piratory distress, and in postmortem analyses, several minks 
showed interstitial pneumonia (Enserink 2020). Giner et al. 
(2021) studied the epidemiologic occurrence of SARS- 
CoV-2 in household pet ferrets in Valencia, Spain. Serum 
samples obtained from 127 household ferrets (Mustela puto- 
rius furo) were analyzed using an in-house enzyme-linked 
immunosorbent assay based on RBD of Spike antigen. Two 
of the ferrets tested positive for SARS-CoV-2 (1.57%). The 
seropositive SARS-CoV-2 ferrets had anti-RBD SARS- 
CoV-2 antibodies up to 129 days after the detection (Giner 
et al. 2021). 


Susceptibility of livestock to infection 
with SARS-CoV-2 


Livestock species’ importance in the COVID-19 pandemic 
is their close and frequent contact with humans and their 
risk to food security, the economy, and public health (Hed- 
man et al. 2021). Investigating the SARS-CoV-2 infection 
in livestock species could help prevent the potential spread 
and contamination of the virus and develop diagnostic tools 
for surveillance (McNamara et al. 2020). Bovine coronavi- 
ruses are widely distributed worldwide, causing respiratory 
infections in cattle (Bos taurus) (Clark 1993; Saif 2010). 
Sequencing ACE-2 receptors in domestic cows and buffalos 
reveal potential use by SARS-CoV-2 (Qiu et al. 2020). Theo- 
retical modeling of the ACE-2 structure of cattle predicts a 
medium susceptibility for SARS-CoV-2 (Damas et al. 2020). 
Experimental exposure to SARS-CoV-2 by intranasal inocu- 
lation in six cattle resulted in a low-level viral replication 
and specific seroreactivity in two cattle. This seroreactivity 
was evident despite high antibody titers against a bovine 
beta coronavirus. Also, three naive in-contact cattle did not 
show signs or laboratory evidence of SARS-CoV-2 infec- 
tion (Ulrich et al. 2020a). The genetic relatedness of pigs to 
humans relative to other livestock species makes them an 
essential subject of study (Lin et al. 1999; Wang et al. 2019). 
Like dogs, SARS-CoV-2 congregates in organs such as the 
kidneys and heart of pigs rather than lungs and respiratory 
tracts (Zhai et al. 2020). Pigs have ACE-2 receptors with the 
potential to be used by SARS-CoV-2 (Qiu et al. 2020). Pick- 
ering et al. (2021) studied the susceptibility of 19 domes- 
tic pigs to SARS-CoV-2 infection following experimental 
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oronasal inoculation. Swab specimens from oral, rectal, and 
nasal and blood samples were obtained at inoculation and 
every other day starting from day 3 post-inoculation. All 
the specimens were analyzed using qRT-PCR using prim- 
ers and a probe specific for the SARS-CoV-2 envelope (E) 
gene. Results showed low susceptibility of domestic pigs to 
low levels of SARS-CoV-2 viral infection. Five domestic 
pigs (31.3%) showed potential infection with SARS-CoV-2 
only had low levels of viral RNA. One pig had clinical signs 
of SARS-CoV-2 infection, including cough and depression. 
The postmortem necropsy tissue samples from the sub- 
mandibular lymph node of this pig had live, replication- 
competent SARS-CoV-2 virus. Tissue samples from other 
organs or pigs did not show any SARS-CoV-2 virus. Two 
pigs showed SARS-CoV-2 RNA in their nasal wash detected 
by qRT-PCR. Two other pigs had SARS-CoV-2 antibodies. 
Swab specimens from oral, rectal, and nasal did not show 
any viral RNA among domestic pigs. Also, no live viral 
shedding was detected from the domestic pigs. This study 
showed that domestic pigs are susceptible to infection with 
the SARS-CoV-2 virus (Pickering et al. 2021). Meekins 
et al. (2020) challenged nine pigs (5-week-old) with a total 
dose of 1x 10° TCIDs) of SARS-CoV-2 in 4 mL divided 
as fallow: oral (1 mL), intranasal (1 ml; 0.5 ml each nos- 
tril), and intratracheal (2 mL). One day after the challenge, 
six sentinel pigs, free of SARS-CoV-2 exposure, were co- 
mingled with nine exposed pigs. Samples from blood, nasal, 
oral, rectal, or lungs of nine exposed pigs and six co-mingled 
pigs had no SARS-CoV-2 RNA, clinical signs or symptoms, 
or antibodies against SARS-CoV-2 infection until day 21 
post-exposure. Therefore, pigs were not susceptible to infec- 
tion with SARS-CoV-2 and could not serve as carriers of 
SARS-CoV-2 (Meekins et al. 2020). 

Despite being the natural reservoir of MERS-CoV, drom- 
edary camels (Camelus dromedarius) are unlikely to be sus- 
ceptible to SARS-CoV-2 infection (Mohd et al. 2016; Wong 
et al. 2020). However, infected camels with SARS-CoV-2 
developed antibodies against SARS-CoV-2 spike RBD, 
which could block the interaction with human ACE-2 recep- 
tors (Gai et al. 2021). 


Susceptibility of rodents to infection 
with SARS-CoV-2 


The danger of SARS-CoV-2 spillback into wild rodents 
and virus circulation in natural populations poses the risk 
of virus maintenance and transmission to human people 
(Konda et al. 2020). For example, deer mice are susceptible 
to SARS-CoV-2 infection following experimental exposure 
without showing clinical signs of infection. Also, infected 
deer mice transmitted SARS-CoV-2 to uninoculated suscep- 
tible mice (Fagre et al. 2020). 
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A popular animal model for investigating the pathology 
and host—pathogen interactions of many coronaviruses is 
hamsters, especially Syrian hamsters (Mesocricetus aura- 
tus) (Abdel-Moneim and Abdelwhab 2020; Cleary et al. 
2020; Pandey et al. 2021). Hamsters are susceptible to 
SARS-CoV-2 infection following experimental exposure 
to the virus (Younes et al. 2021). Furthermore, ham- 
sters have higher viral shedding and concentration rates 
and longer infectivity durations than mice (Roberts et al. 
2005). Experimental infection with SARS-CoV-2 in ham- 
sters resulted in lung pathologies similar to hospitalized 
humans with COVID-19 (Imai et al. 2020). It has been 
shown that following SARS-CoV-2 infection, hamsters 
developed an antibody response to SARS-CoV-2 that is 
protective against SARS-CoV-2 reinfection in infected and 
naive hamsters (Imai et al. 2020). Furthermore, infected 
hamsters transmit the SARS-CoV-2 to co-housed (Sia et al. 
2020). 


Susceptibility of lagomorphs to infection 
with SARS-CoV-2 


Rabbits have been shown to have an ACE2 receptor to bind 
to SARS-CoV-2 (Damas et al. 2020; Gao et al. 2020; Kumar 
et al. 2021; Preziuso 2020). Also, the detection of beta 
coronaviruses in domestic rabbits in China raised concerns 
about rabbits being a reservoir for CoVs (Lau et al. 2012). 
It has been reported that New Zealand white rabbits (Oryc- 
tolagus cuniculus) are susceptible to SARS-CoV-2 infection 
and can shed the virus; however, the infectivity of the virus 
was lower compared to hamsters and ferrets (Mykytyn et al. 
2021). These reports highlight the possibility of farmed rab- 
bits facilitating the transmission and spread of SARS-CoV-2 
to human populations like minks (Yekta et al. 2021). 


Susceptibility of aves to infection 
with SARS-CoV-2 


Wild and domestic poultry has been the subject of inter- 
species transmission of CoVs (Zhuang et al. 2020). So far, 
susceptibility to SARS-CoV-2 has not been reported in avian 
species. The phylogenetic investigation of pigeon ACE-2 
receptors showed bounding potential to SARS-CoV-2 (Qiu 
et al. 2020). However, experimental inoculation with SARS- 
CoV-2 has not resulted in immunological response or viral 
replication in poultry, including chickens, turkeys, geese, 
ducks, quail, and pigeons (Mathavarajah and Dellaire 2020; 
Schlottau et al. 2020; Shi et al. 2020; Suarez et al. 2020). 
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It is still unclear whether domestic or livestock species 
can transmit the virus to humans. The animal-to-animal 
transmission of SARS-CoV-2 between animals is likely 
similar to other respiratory viruses by a direct contact, 
like droplets and aerosols. Also, animal studies showed 
that SARS-CoV-2 could be found in secretion from respir- 
atory tracts and feces. Animals have a similar incubation 
period to humans (2-14 days). Humans exhibit a wide 
range of symptoms of COVID-19, such as mild respiratory 
problems, gastrointestinal issues, headaches, and severe 
acute respiratory syndrome (Viner et al. 2021). Animals 
have shown fewer clinical manifestations of SARS-CoV-2 
infection compared with humans. The observed clini- 
cal symptoms in animals include, but are not limited to, 
coughing, sneezing, respiratory distress, nasal discharge, 
ocular discharge, vomiting or diarrhea, fever, inappetence, 
and lethargy. In humans, titers of SARS-CoV-2 neutral- 
izing antibodies remain detectable for up to 133 days in 
asymptomatic patients and more than 1| year in those with 
mild and severe disease (Lau et al. 2021). SARS-CoV-2 
neutralizing antibodies remain detectable and, if present 
in the susceptible domestic animal, are usually shorter 
compared with humans. It is thought that SARS-CoV-2 
emerged from an animal source and then spilled over to 
humans. Despite isolating viruses from Rhinolophus bats 
with a close genetic sequence to human-isolated SARS- 
CoV-2, it is currently not established whether the source 
of SARS-CoV-2 is the route of the introduction of this 
virus to the human population. The current COVID-19 
pandemic sustainment is through the human-to-human 
transmission of the virus. Studies have shown that some 
domestic and companion animal species are susceptible 
to infection with SARS-CoV-2 either naturally or experi- 
mentally (Singla et al. 2020). The susceptibility of domes- 
tic and companion animals towards SARS-CoV-2 infec- 
tion differs from the transmission and spreading of the 
virus from animals to humans. Current evidence does not 
support the notion of humans contracting COVID-19 from 
domestic and companion animals. However, some issues 
should be addressed. Firstly, the body fluids of domestic 
and especially companion animals can pose a significant 
risk for the dissemination of the virus through acts such as 
kissing, licking, and playing with the animals. Secondly, 
as SARS-CoV-?2 infection in most domestic and compan- 
ion animals is asymptomatic, during the virus-shedding 
period, animal-to-human transmission can increase. 
Thirdly, viruses in the feces of some infected animals 
can pose a risk for fecal—oral transmission and the spread 
of SARS-CoV-2 to humans (Singla et al. 2020). Accord- 
ingly, ACE2 is preserved in many organs and is higher in 
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heart and kidney organs than lungs. Notably, the human 
small intestine has a high degree of ACE2 and TMPRSS2 
(Zhang et al. 2020a; Ziegler et al. 2020), which is sup- 
ported by the notion that more than 60% of COVID-19 
patients have intestinal disorders such as diarrhea, nau- 
sea, and vomiting, particularly those present with severe 
clinical disease. Thus, the digestive system can be con- 
sidered a potential route for SARS-CoV-2 infection (Jin 
et al. 2020). Considering the reported human-to-animal 
transmission of SARS-CoV-?2, several issues arise. Firstly, 
the distribution of SARS-CoV-2 through humans’ con- 
sumption of animal-derived foods is an essential aspect 
of food safety. Currently, there are no confirmed cases 
of this issue, and the risk for this transmission route is 
negligible (de Sécurité Sanitaire 2011). However, safety 
measures and regulations should be executed to lower the 
risk of possible SARS-CoV-2 distribution by livestock 
and animal-derived foods consumption. Secondly, stud- 
ies have shown the ability of human and animal guts to 
replicate SARS-CoV-2 (Lamers et al. 2020; Zang et al. 
2020; Zhou et al. 2020a). Also, the presence of SARS- 
CoV-2 in the intestinal tract of different animal models 
has been reported (Rockx et al. 2020). Considering the 
close contact between humans and domestic animals, 
especially companion animals such as cats and dogs, the 
fecal—oral transmission route for COVID-19 in the popu- 
lation is of great importance. Furthermore, this evidence 
makes domestic animals a potential reservoir for SARS- 
CoV-2. Considering that the worldwide vaccination pro- 
gram against SARS-CoV-2 is still ongoing, individuals 
might not consider the safety measures they followed in 
decreasing the risk of SARS-CoV-2 distribution as nec- 
essary as before, which can result in the distribution of 
SARS-CoV-2 in domestic animals, especially compan- 
ion animals. Thirdly, exotic animals such as bats, snails, 
hedgehogs, primates, raccoons, and snakes are a large 
group of species used as foods or pets in some regions. 
The current COVID-19 pandemic was due to the spillo- 
ver of the virus from close contact between humans and 
exotic animals. Thus, the rise of another virus spillover 
from these species is an issue that should be considered. 
The susceptibility of several domestic animal species to 
SARS-CoV-2 infection and spreading raises the possibil- 
ity of establishing a novel reservoir for the virus. Unin- 
terrupted circulation of the virus in domestic animals for 
some time can lead to a new non-human reservoir which 
could pose significant obstacles to controlling the spread 
of SARS-CoV-2 (Gryseels et al. 2021). Also, the long 
duration of viral circulation in these animals can bring 
evolutionary changes in the virus, with potential conse- 
quences for transmissibility and pathogenicity in humans 
and the effectiveness of a vaccine (Gryseels et al. 2021). 
Also, the presence and maintenance of SARS-CoV-2 in 
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domestic animals can harm human-related activities, such 
as farming, food supply, and research projects, to name a 
few (Gryseels et al. 2021). 

The CoV’s genome can undergo evolution by drift or 
natural selection of mutations and the exchange of genetic 
sequences from other viruses through recombination. Consid- 
ering the large size of the CoVs RNA genome (27,000—31,000 
nucleotides), the occurrence of point mutations, deletions, or 
insertions is foreseeable, leading to the emergence of new 
variants with different phenotypic characteristics (Leroy et al. 
2020). Despite having some proofreading capability, SARS- 
CoV2 can undergo significant mutations. Furthermore, CoVs 
have frequent genetic recombination events in some animal 
species, either autologous or heterologous with other animal 
species. In confirmation, some CoVs pathogenic to cats and 
dogs commonly undergo recombination of the S protein (Cui 
et al. 2019; Decaro et al. 2010). Also, human CoVs have been 
shown to have genetic recombination events (Su et al. 2016). 
Domestic animals such as dogs are susceptible to canine coro- 
naviruses in Europe (Decaro et al. 2013). The co-infection 
of these animals with both canine coronaviruses and SARS- 
CoV-2 can potentially lead to the emergence of a new corona- 
virus with unpredictable phenotypic characteristics. 


Conclusion 


The current evidence cannot answer whether domestic 
and companion animals are at risk for COVID-19 infec- 
tion. However, safety measures and precautions should be 
taken to deal with domestic and companion animals. The 
latter are found worldwide and impose direct and close con- 
tact with humans. By currently available data, we cannot 
determine whether the source of SARS-CoV-2 is either a 
wild viral strain from a zoonosis or an accidental exposure 
from an experimental strain. Again, the answer would be 
of great importance because it will shape future disease 
prevention and biosafety policies. Furthermore, confirm- 
ing the zoonosis SARS-CoV-2 source strongly implies 
sampling in farms, breeding facilities, and even the natu- 
ral ecosystem. Transmission of SARS-CoV-2 to animals is 
similar to humans (respiratory droplets and secretions as 
well as aerosols). The ACE2 receptor mediates the entry 
of SARS-CoV-2 into host cells, and its expression pattern 
and level are closely related to COVID-19 susceptibility 
and symptoms. Susceptible animals have a similar incuba- 
tion period to humans (2-14 days). The clinical manifesta- 
tions of SARS-CoV-2 infection in animals are symptomatic 
(fever, inappetence, lethargy, respiratory, and gastroenteric 
symptoms) and asymptomatic. To date, cats, minks, fer- 
rets, hamsters, and pigs have been shown to transmit the 
SARS-CoV-2 virus between themselves and cause infec- 
tion. For other wild or domestic animals, this has not been 
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approved. Mink remains the only known animal with the 
reported animal-to-human transmission of SARS-CoV-2. 
However, the transmission potential of the virus from other 
domestic animals, such as cats, dogs, and ferrets, to humans 
cannot be excluded (Enserink 2020; Munnink et al. 2021). 
So, further studies are needed to investigate this hypoth- 
esis. Overall, susceptible domestic animals vulnerable to 
SARS-CoV-2 infections are (A) having close contact with 
humans, such as pets and companion animals, and (B) live- 
stock housed in high-density populations on farms. Despite 
close contact with domestic animals, especially pet animals, 
the barrier to natural infection can be high with humans. 
Currently, pet animals do not play a role in the epidemi- 
ology of SARS-CoV-2, and it is spread among humans. 
When farmed animals pose additional risks to humans in 
large numbers, and thus, management strategies based on 
the species and circumstances should be established. Estab- 
lish preparation strategies and containment measures for 
animals in the COVID-19 pandemic by identifying animals’ 
role in this disease. The COVID-19 pandemic can be man- 
aged more adequately by appropriate animal management 
and epidemiological surveillance. These actions might raise 
questions about COVID-19 and animals’ roles, which will 
need new answers. 
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